A complex analysis of cytotoxicity was performed for a nanodispersed sol of cerium dioxide doped with gadolinium (Ce 0.8 Gd 0.2 O 2−x ) using a culture of mesenchymal stem cells. The absence of cyto-and genotoxicity over a wide range of concentrations (10 −5 -10 −9 M) was demonstrated. At that, the highest concentration of Ce 0.8 Gd 0.2 O 2−x nanoparticles (10 −4 M) was found to slightly reduce the activity of intracellular dehydrogenase, yet not leading to the development of apoptosis and further cell death. The obtained results confirm a high degree of Ce 0.8 Gd 0.2 O 2−x nanoparticle biocompatibility, which opens prospects for their safe application as a contrasting agent in the magnetic resonance tomography.
Introduction
The modern level of nanotechnology development allows for the design of new polyfunctional materials possessing unique physicochemical properties that find wide application in the manufacturing of sensors [1, 2] , catalysts [3, 4] hybrid functional coatings [5, 6] and biomedical products [7] . At that, nanocrystalline cerium dioxide is considered to be one of the most promising materials for biomedical purposes [8] [9] [10] [11] [12] [13] [14] [15] [16] . To date, a broad variety of techniques and synthetic schemes is reported for the preparation of nanocrystalline cerium dioxide and for its surface modification, conferring it a variety of functional properties [17] [18] [19] [20] .
Previously, we proposed a new method for obtaining aqueous sols of nanodisperse solid solutions of cerium dioxide doped with gadolinium ions, with a potential for use in biomedicine [21] . The Gd 3+ ion, having 7 unpaired electrons ( 8 S 7/2 ), is known to possess an exceptionally high magnetic moment (7.94 µB), which makes it possible to use gadolinium-containing compounds as contrast agents in the magnetic resonance imaging (MRI) [22] . It is believed that nanocrystalline gadolinium oxide is one of the most promising contrast agents for MRI, since it is characterized by a higher value of the longitudinal relaxation constants compared to the Gd 3+ chelate complexes [23] . Meanwhile gadolinium does not participate in the human biochemical cycle and is highly toxic in its ionic form, which eliminates the possibility of its direct biomedical application without additional modification [24] . In existing clinically approved gadolinium-based contrasting preparations, the biological inertness of gadolinium ion is achieved by encapsulating it in macrocyclic complexes [25] .
In light of this, the present study aimed to carry out a comprehensive assessment of the cytotoxic properties of a new type of citrate-stabilized cerium dioxide nanoparticles doped with gadolinium on the culture of human mesenchymal stem cells.
Materials and methods

Synthesis of Ce
For the preparation of colloidal solutions of cerium dioxide nanoparticles doped with gadolinium, assuming the sum of rare-earth elements per liter of solvent equal to 0.01 mole, 0.347 g of Ce(NO 3 ) 3 ·6H 2 O and 0.087 g of Gd(NO 3 ) 3 ·5H 2 O (molar ratio Ce:Gd = 4:1) were dissolved in 100 ml of distilled water, and a preliminarily transformed to the OH-form anion exchange resin Amberlite IRA 410 CL was added to the resulting solution until a pH =10.0. The formed sols were separated from the resin by filtration, immediately transferred to 100 ml polytetrafluoroethylene autoclaves (filling degree ∼50 %) and exposed to hydrothermal microwave treatment for 1 hour at 150
• C. After the completion of experiments the autoclaves were removed from the oven and cooled to room temperature in air. Citric acid was added to the resulting aqueous sols of the solid solution of rare-earth oxides to achieve the concentration of 0.01 M. According to the X-ray diffraction analysis, the crystal cell parameter for the sample Ce 0.8 Gd 0.2 O 2−x , determined upon refinement of the crystal structure, is 0.54174(4) nm. The 0.01 M solution of sol (1 ml) was mixed with 2 ml of isopropyl alcohol (70 %) and stirred for 30 minutes at ∼80
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• C. The resulting solution was then centrifuged (9.000 g) for 10 minutes at 20
• C, the supernatant was removed and the obtained precipitate was redispersed in 500 µl of isopropyl alcohol. This sequence was repeated three times. The resulting precipitate was dried at 50
• C in an oven and then redispersed in 500 µl of deionized water. The obtained sol was diluted to pH 7.2 with 10 % aqueous ammonia.
The size distribution of nanoparticles in sols was assessed by a dynamic light scattering method using a Beckman Coulter N5 Submicron Particle Size Analyzer (USA). The size distribution was studied for Ce 0.8 Gd 0.2 O 2−x nanoparticle dispersions in deionized water, F12 culture medium (HEPES) and F12 culture medium containing 5 % of serum. The micromorphology of nanoparticles was analyzed with the transmission electron microscopy using a Leo912 AB Omega electron microscope at acceleration voltage of 100 kV (magnification up to ×500000), the phase composition of the samples was determined by electron diffraction.
Cell culture
Dental pulp stem cells (DPSC) were isolated from the third molar germ extracted for orthodontic indications from a healthy 16-year-old patient. The cells were extracted with DMEM ("PanEko", Russia) containing 200 U/ml penicillin and 200 µg/ml streptomycin ("Life Technologies", USA) with a syringe inserted into the dental apex and further treated with 0.25 % trypsin -0.02 % EDTA ("Life Technologies", USA) for 30 min at 37
• C. The isolated cells were centrifuged for 2 min at 1500 rpm and resuspended to a single cell state in the culture medium consisting of DMEM/F-12 (1:1; Life Technologies) with the addition of 10 % fetal calf serum (FCS). The obtained solution was transferred into 25 ml vials and cultured in the 5 % CO 2 atmosphere at 37
• C with the addition of 10 % FCS (HyClone), 100 U/ml penicillin/streptomycin, 2 mM L-glutamine in DMEM ("PanEko", Russia). When the subconfluent cells state was achieved, the cultured cells were treated with 0.25 % EDTA-trypsin solution, and added to 75 cm 3 vials in a ratio of 1:3. Cells were cultured in DMEM/F-12 ("PanEko", Russia) with the addition of 10 % FCS, 100 U/ml penicillin/streptomycin and 2 mM L-glutamine. In our study, cell cultures of 3-5 passages were used.
MTT assay
The determination of mitochondrial and cytoplasmic dehydrogenases activity in living cells was carried out using a MTT assay based on the reduction of the colorless tetrazolium salt (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide, MTT). [26] . After 24 and 72 hours of culturing cells 0.5 mg/ml of MTT reagent was introduced into the wells by replacing the culture medium, followed by a standard MTT assay.
The differentiated fluorescent staining method
Assessment of viability of cells cultured in the presence of Ce 0.8 Gd 0.2 O 2−x nanoparticles was performed on a Carl Zeiss Axiovert 200 microscope. An L-7007 LIVE/DEAD BacLight Bacterial Viability Kit (Invitrogen) was used for the assay, which includes SYTO 9 fluorescent dye (absorption -420 nm, emission -580 nm) and propidium iodide (PI) (absorption -488 nm, emission 640 nm). The morphological analysis of the nuclear apparatus after incubation with nanoparticles was performed using a nuclear dye Hoechst 33342 (absorption -361 nm, emission -486 nm) (Invitrogen). The dyes were added to the medium (1 µg/ml) and the plate was placed in a CO 2 incubator for 15 minutes. Microphotography was performed after washing the cells of the dye with a phosphate-buffered saline.
Assessment of the free lactate dehydrogenase level
The method allows estimation of the cytoplasmic enzyme concentration -lactate dehydrogenase, which is found in the culture medium in case of cell membrane damage. The cells were seeded into 96-wells microplates and cultured for 24 h in an atmosphere of 5 % CO 2 in air at 37
• C. Six hours after seeding the culture medium was replaced with a medium containing Ce 0.8 Gd 0.2 O 2−x nanoparticles with concentrations from 10 −4 M to 10 −9 M. Cells with added medium, which did not contain Ce 0.8 Gd 0.2 O 2−x nanoparticles, were used as a positive control. Wells with cells containing 10 µl of Triton X-100 were used as a negative control. The level of lactate dehydrogenase in the culture medium was determined 24 hours after the introduction of the Ce 0. 8 
Analysis of proliferative activity of human MSC
The cells were seeded into 96-wells microplates (Corning Costar, USA) at a density of 10 4 /cm 2 and cultured for 12 h in an atmosphere of 5 % CO 2 in air at 37
• C, followed by introduction of Ce 0.8 Gd 0.2 O 2−x nanoparticles solutions with various concentration (10 −4 M -10 −11 M) by replacing the culture medium. The proliferative activity was analyzed and the number of cells in each well was counted daily for 4 days using a Molecular Devices CloneSelect Imager System Plate Reader.
Statistical data analysis
The experiments were carried out in 3 -4 replicates, analytical determinations for each sample were performed in duplicate. The results of the experiments were compared with the control experiment. The methods of variation statistics were applied to estimate the reliability of results. To assess the statistical significance, the Mann-Whitney U test was used (p ≤ 0.05). The obtained data was processed using the GraphPad 5.0 and Microsoft Excel 2007 programs.
Results and discussion
Physico-chemical parameters of the studied samples
According to TEM data, the synthesized Ce 0.8 Gd 0.2 O 2−x nanoparticles have an ultra-small size, on the order of 3 -5 nm (Fig. 1a) . The dilution of Ce 0.8 Gd 0.2 O 2−x nanoparticles in F12 medium containing FCS provides the monodispersity of the system and the mean hydrodynamic radius of the particles amounts about 6.0 nm, which is 97 -100 % of the total volume of the suspension. Earlier it was shown that the negative zeta-potential of nanoparticles surface results in minimal adsorption of proteins (or complete absence of adsorption) on the surface of nanoparticles [27] . Since the layer of citrate ions covering the surface of the nanoparticle provides a negative zeta-potential for the surface, it can be assumed that serum proteins that are partially adsorbed on the surface of nanoparticle, i.e. not forming a "protein corona" of considerable scale, are the size-stabilizing factor for nanoparticles. On the basis of these results, it can be concluded that an interaction with serum proteins does not lead to significant aggregation of nanoparticles, which may allow one to maintain the hydrodynamic radius close to the initial one, for example, after the introduction of nanoparticles into the bloodstream. The MTT test was used to assess the viability of human MSCs cultured in the presence of Ce 0.8 Gd 0.2 O 2−x nanoparticles. Fig. 2 shows that incubation of human MSCs with Ce 0.8 Gd 0.2 O 2−x nanoparticles in the range of concentration from 10 −5 M to 10 −9 M does not lead to a decrease in the level of dehydrogenase activity after 24 hours and 72 hours of cultivation. It is worth noting that MTT signal tends to increase in the experiments with micro-and nanomolar concentrations of nanoparticles, which might be associated with the promotion of MSC proliferation in the presence of cerium dioxide nanoparticles doped with gadolinium. An increase in the level of dehydrogenase activity indirectly denotes an increase in the number of viable cells. This confirms the more active proliferation of cells in the presence of Ce 0.8 Gd 0.2 O 2−x nanoparticles, which may be due to the effect of nanoparticles on the level of intracellular ROS and, consequently, intracellular signaling pathways. Indeed, our recent publications show that nanoparticles of undoped cerium dioxide are capable of accelerating the proliferation of cells in culture [28] [29] [30] . Presumably, one of the mechanisms underlying the stimulation of proliferative activity is the ability of cerium dioxide nanoparticles to act as an effective antioxidant and to reduce the level of intracellular ROS that is slightly elevated under in vitro culture conditions [31] .
The analysis of free lactate dehydrogenase level (Fig. 3) in culture of human MSC after co-cultivation of cells with Ce 0.8 Gd 0.2 O 2−x nanoparticles did not reveal a significant increase both after 24 hours and after 72 hours, which confirms the absence of cytotoxic effect of nanoparticles over the whole studied range of concentrations. To estimate the ratio of dead and living cells in the culture of MSC after culturing with the Ce 0.8 Gd 0.2 O 2−x nanoparticles, the method of differentiated fluorescent staining was used (Fig. 4) . The method is based on the monitoring of viable cells depending on the integrity of their membranes. The SYTO 9 dye stains all the cells in the culture (green staining), while a breach of the integrity of the membrane ensures its permeability to the selective propidium iodide DNA dye (red staining of dead nuclei). The morphological analysis of the nuclear apparatus of human MSC (Fig. 5 ) after cultivation with Ce 0.8 Gd 0.2 O 2−x nanoparticles (10 −4 M -10 −9 M) showed no increase in the proportion of cells with a damaged or altered nucleus. Both in the control and in the experimental groups with nanoparticles, a significant amount of mitotic division was observed, which confirms the active proliferation of the cell culture. Quantitative assessment of the proportion of cells with a compromised nuclear apparatus did not reveal a significant difference with the control untreated group, which indirectly confirms the lack of genotoxic effect of the Ce 0.8 Gd 0.2 O 2−x nanoparticles.
The loss of the mitochondrial membrane potential is a typical feature of the apoptosis development. This is the earliest event in the process of programmed cell death, preceding the externalization of phosphatidylserine to the plasma membrane and coinciding with the activation of the caspase cycle [32, 33] . The analysis of mitochondrial potential level (Fig. 6 ) for human MSC after incubation with Ce 0.8 Gd 0.2 O 2−x nanoparticles did not reveal its decrease in all studied concentrations (10 −4 M -10 −9 M), which confirms the absence of a negative effect on the oxidative phosphorylation processes and the metabolic activity of mitochondria as a whole.
Conclusions
Thus, in the present work we performed a comprehensive analysis of the cytotoxicity of citrate-stabilized cerium dioxide nanoparticles doped with gadolinium towards human MSC culture. It was demonstrated that Ce 0. 8 
